Simian foamy viruses, members of the spumavirus subfamily of retroviruses, are found in a variety of nonhuman primates and, as yet, remain to be characterized with respect to genetic structure and regulation of viral gene expression. The genome of simian foamy virus type 1 (SFV-1), an isolate from rhesus macaques, has been molecularly cloned, and the role of the viral long terminal repeat (LTR) in transcriptional control has been investigated. The SFV-1 LTR is 1,621 base pairs long, and sequence comparisons with human foamy virus revealed a pattern of clustered homology. A cap site in the LTR was identified by analysis of SFV-1 transcripts in infected cells. Transient expression assays in cell lines representing several species and different cell types showed that the SFV-1 LTR has low basal activity in uninfected cells, whereas LTR-directed expression is greatly increased in cells infected with SFV-1. This transactivation is mediated by a mechanism involving increases in steady-state levels of viral transcripts. Thus, the SFV-1 genome encodes a transactivator that functions on the LTR at the transcriptional level.
Spumaviruses, or foamy viruses, are one of the three subfamilies of Retroviridae (for reviews, see references 9, 21, and 28). These viruses have been isolated from several animal species, including cats, hamsters, cows, nonhuman primates (prosimians, macaques, grivet and vervet monkeys, baboons, apes, and chimpanzees), and humans. Foamy viruses are highly cytopathic in cell culture and have a broad host range with respect to cell type and species. Cultured epithelial and fibroblast cells as well as lymphoid cells support the growth of foamy viruses. In the respective host animals, these viruses appear to establish latency, persist in the host for long periods of time in the presence of neutralizing antibody, and have been isolated from several organs and tissues, including the brain and peripheral blood leukocytes. The pathogenic potential of foamy viruses has yet to be revealed, although an association with de Quervain subacute thyroiditis in humans and chronic progressive polyarthritis in cats has been suggested (22, 27, 30) and rabbits experimentally infected with simian foamy virus type 7 appear to become immunosuppressed (8) .
The genome of human foamy virus (HFV) has recently been molecularly cloned and sequenced (6, 14, 30) . HFV contains genes for virion structural proteins (gag, pol, and env) as well as additional open reading frames (ORFs) designated SI and bel 1, 2, and 3 (6) . The genome of simian foamy virus type 1 (SFV-1), an isolate obtained from a rhesus macaque, has been molecularly cloned, and portions have been sequenced (16) . SFV-1 and HFV appear to be closely related, with about 80% homology in the pol genes and about 70% homology in the env genes. The SFV-1 genome encodes large ORFs beyond the env gene; these show homology to the bel ORFs of HFV (unpublished data).
The long terminal repeat (LTR) of a retrovirus contains cis-acting elements which function in viral integration and gene expression (29) . Promoter elements in the LTR control transcription by cellular RNA polymerase II; examples of cis-acting elements for promoter activity in the LTR are a TATA box, an enhancer element, and a variety of upstream * Corresponding author. elements which may include binding sites for cellular factors that play a role in transcription (11, 29) . Certain oncoviruses, such as human T-lymphotropic virus type 1 (HTLV-1), and certain lentiviruses, such as human immunodeficiency virus types 1 and 2 and simian immunodeficiency virus, encode both virion proteins and additional proteins that function to regulate (i) viral gene expression directed by the LTR and (ii) posttranscriptional processing of viral RNA (reviewed in references 4, 7, 17, 23, and 26) . To obtain information on the control of expression of SFV-1, we cloned and sequenced the entire LTR region and determined the boundaries of U3, R, and U5. Regulatory features were identified, and transient expression assays were used to examine viral transcription. SFV-1 was demonstrated to encode a transcriptional transactivator which augments expression directed by the SFV-1 LTR. These studies on the regulation of spumavirus gene expression are relevant for elucidating molecular mechanisms that control retrovirus latency and replication in the host animal.
MATERIALS AND METHODS
Virus and cell cultures. The cell lines listed in Table 1 were obtained from the American Type Culture Collection (Rockville, Md.). Cells were grown under the conditions recommended by the supplier. For propagation and SFV-1 titer determination, the dog thymus Cf2Th monolayer cell line was used. Virus was assayed by measuring reverse transcriptase (RT) under conditions optimized for the enzyme from spumaviruses (1). Since SFV-1 is highly cell associated, virus was obtained from infected cultures showing cytopathology by subjecting infected cell monolayers to three cycles of freezing-thawing.
Molecular cloning. The SFV-1 genome was cloned from unintegrated linear SFV-1 DNA obtained from acutely infected Cf2Th cells (see Results) (16) . Whole-cell DNA was prepared from cells 5 days after infection, since viral DNA is readily detected and little or no cytopathology is noted at this time (data not shown). The DNA was digested with the restriction enzyme EcoRI, electrophoresed on an agarose (1) . At 3 days after infection, culture supematants and frozen-thawed cell pellets were assayed; 1 ml of culture supernatant or the equivalent of 1 ml of cell lysate was tested. Background levels from uninfected cell cultures (about 1,000 cpm) were subtracted from the values shown here.
gel, and transferred to a nitrocellulose membrane for Southern blot analysis with radioactive probes. A (ca.) 5.7-kilobase (kb) EcoRI fragment of the SFV-1 clone containing portions of the 3' LTR and a 651-base-pair (bp) HindIllEcoRI fragment from the HFV clone pHSRV-H-C55 (a gift from Rolf Flugel) were used as probes (6, 16 (29) . Retroviral LTRs are boundec repeats which contain the highly conse:
TG at the 5' end and CA at the 3' end. The boundaries of the 524 +331 SFV-1 LTR are demarcated by 3-bp perfect inverted repeats (TGT/ACA) or 9-bp imperfect inverted repeats (Fig. 2) . A purine-rich sequence which serves as the initiation site for the synthesis of plus-strand DNA is found in a position immediately preceding the 3' LTR (Fig. 2) . A sequence N RI complementary to tRNA Lys is located 2 bp downstream from the end of the 5' LTR (Fig. 2) . HFV, mouse mammary 459nt probe tumorvirus, and lentiviruses also utilize tRNA LyS as a primer -331 nt observed for minus-strand DNA synthesis (29) . 290nt observed Sequence analysis revealed that the SFV-1 LTR contains a putative transcriptional initiation signal known as Gold-)e berg-Hogness or TATA box (3); the sequence ATATAA at positions 1291 to 1297 matches the consensus sequence (Fig.   rved 2). Generally, transcription commences 20 to 36 bases downstream from the TATA box (11) . A poly(A) addition signal, AATAAA, is located at positions 1465 to 1470 (Fig. 2) . Retroviruses and many eucaryotic mRNAs are polyadenyl-__ gEated at sites 10 to 20 bases 3' to AATAAA (29) . The same region also demarcates the R-U5 junction of a retrovirus genome.
Sequence comparisons of the SFV-1 LTR with the HFV LTR revealed that the two LTRs have about 85% homology in the R and U5 regions (HFV R is 196 bp, and HFV U5 is 150 bp) (14) (Fig. 3) . The two sequences, however, diverge greatly with respect to the U3 regions. The HFV 5' LTR is 1,123 bp, and the HFV 3' LTR is 1,259 bp; the difference in size is in the U3 regions (the 5' U3 is 777 bp, and the 3' U3 --3x31
is 916 bp) (6, 14) . Restriction enzyme mapping and nucleotide sequencing of the SFV-1 LTR revealed no discrepancy between the 5' and 3' LTRs in our molecular clones of (Fig. 2) Fig. 1. was designed to determine whether other portions of the SFV-1 LTR contained potential start sites for viral transcripts. The riboprobe synthesized from pLTR/S-E represents 633 bases of SFV-1 sequence (from positions 568 to 1201) and 28 bases of vector polylinker sequence. A 633-base RNA molecule was protected in infected L929 and Cf2Th cells; this pattern was a consequence of hybridization of the probe to the 3' end of viral transcripts (Fig. 1) . Thus, the U3 region from positions 568 to 1201 appears not to specify a start site for viral RNA synthesis.
Transient expression assays to evaluate transactivation of the SFV-1 LTR. Cell lines representing three species and different cell types were used for these transactivation studies. Before undertaking the transfection experiments, we tested SFV-1 for its ability to replicate in these cells lines. Viral replication was monitored by an RT assay and by observations of cytopathology (syncytium formation and vacuolization) by light microscopy. SFV-1 induced extensive cytopathology in these cell lines at 5 to 7 days after infection (data not shown). In each case, the RT value was higher for the cell lysate fraction than for the culture medium; this observation indicates that SFV-1 is highly cell associated (Table 1) .
To examine gene expression directed by the SFV-1 LTR, we transfected pSFV-1 LTR/CAT into uninfected cells and into cells that had been infected with SFV-1 at a high multiplicity 24 h earlier. Cell lysates were prepared 48 h after transfection and assayed for CAT activity. For comparison, a plasmid containing the CAT gene driven by the HTLV-1 LTR was transfected into both SFV-1-infected and uninfected cells. The basal promoter activity of the SFV-1 LTR in transient expression assays was very low and was comparable to that in cells transfected with pHTLV-1 LTR/CAT DNA alone (Table 2 ). In Cf2Th, GCT, and L929 cells infected with SFV-1 and then transfected with pSFV-1 LTR/CAT, the expression of CAT directed by the LTR was greatly increased (Table 2) ; this observation indicates that SFV-1 specifies a transactivator. The level of transactivation was much greater in L929 (211-fold) than in Cf2Th (15-fold) and GCT (21-fold) cells and was comparable to the level of CAT activity in cells cotransfected with pHTLV-1 LTR/ CAT and a plasmid encoding the HTLV-1 transactivator (pHTLV-1 LTR/tax) ( Table 2 ). Cells infected with SFV-1 and transfected with pHTLV-1 LTR/CAT showed the same level of CAT activity as did uninfected cells (Table 2) ; this observation shows that the SFV-1 transactivator is specific for the SFV-1 LTR.
Transactivation of transcripts directed by the SFV-1 LTR. To determine whether transactivation affects the accumulation of viral RNA, we examined CAT transcripts directed by the SFV-1 LTR by Northern (RNA) blot analysis in SFV-1-infected and uninfected L929 cells that had been transfected with pSFV-1 LTR/CAT. RNA was extracted from 5 x 107 transfected L929 cells and electrophoresed in an agarose gel under denaturing conditions. To control for the recovery of RNA for independent transfections, we used the cellular yactin gene as a probe. The amount of -y-actin transcripts was found to be unchanged in both infected and uninfected cells (data not shown). CAT transcripts directed by the SFV-1 LTR were readily detected in infected cells (Fig. 4) (Fig. 4) . Thus, the SFV-1 genome encodes a transactivator that functions at the transcriptional level.
DISCUSSION
Relatively little information is available on the genetic structure and regulation of members of the spumavirus subfamily. To address the gap in knowledge of these retroviruses, we have molecularly cloned the genome of SFV-1 and determined the sequences of several regions (16) . Analysis of the SFV-1 LTR, an element that functions in retroviral integration and gene expression, has revealed cis-acting sequences involved in transcription. A cap site for the initiation of transcription has been identified by analysis of viral transcripts in infected cells. The SFV-1 LTR had very low basal activity in transient expression assays (Table 2 and Fig. 4 ). This observation implies that the transcriptional transactivator may be essential for efficient viral replication. Basal levels of transcription directed by the LTRs of primate lentiviruses (i.e., human immunodeficiency virus type 1 and simian immunodeficiency virus) and primate oncoviruses (i.e., HTLV-1 and human T-lymphotropic virus type 2) are also very low when assessed in similar transient expression systems (5, 7) . Furthermore, we have provided evidence that SFV-1 encodes a transactivator which acts on the LTR and greatly increases the steady-state levels of viral transcripts. This SFV-1 transactivator is active in several species (i.e., murine, canine, and human) and different cell types and does not act on the LTR of a heterologous retrovirus (i.e., HTLV-1). It remains to be determined whether SFV-1 transactivation is at transcription initiation or whether events immediately after transcription initiation are involved. The precise cis-acting target sequence in the SFV-1 LTR and the viral gene product that mediates transcriptional transactivation remain to be determined. Analysis of deletion and site-specific mutations throughout the SFV-1 LTR will reveal the cis-acting sequence required for the transactivation of viral transcripts. Transactivation by the HTLV-1 tax gene requires a sequence domain in the U3 portion of the HTLV-1 LTR immediately upstream from the cap site; host cell proteins act through these LTR sequences to mediate transactivation by tax (7). It is not known whether the SFV-1 transactivator functions by direct interaction with cis-acting elements in the SFV-1 LTR or indirectly through cellular factors.
Transactivator genes of lentiviruses and oncoviruses are produced by complex splicing events (5, 7) ; thus, mere inspection of the sequence of a retroviral genome is not a sufficient means for elucidating functional genes. Both HFV and SFV-1 contain large ORFs 3' to the env gene (6; unpublished data). Analysis of specific ORF regions in transient expression assays is a means for elucidating the SFV-1 gene that is responsible for transactivation. In addition, cDNA cloning of spliced viral transcripts will reveal precise coding capacities. We have recently obtained SFV-1
